A monoclonal antibody to lactophorin (LP) was prepared by creating hybridoma from mouse myeloma cells and spleen cells from mice immunized with PAS-4 concentrated fraction from bovine milk fat globule membrane. The prepared antibody recognized a polypeptide moiety of LP27, the major component constituting LP, but not a carbohydrate moiety. Immunoblot analysis showed that all polypeptides (LP17, LP20, LP27, LP40, and LP50) constituting LP were recognized by the antibody. The identities of LP20, LP40, and LP50 were verified by N-terminal and internal amino acid sequencing. LP20 contains hydrolysate of LP27 besides LP27 without the O-glycosyl sugar chain. These results suggest that LP40 and LP50 are homo-or heterodimers of LP20 and LP27. This is the first report to the effect that LP was constructed from several forms of polypeptides, derived from LP27.
Studies on proteins in PPC-3 have revealed that PPC-3 is heterogeneous. [2] [3] [4] The SDS-polyacrylamide gel electrophoresis (PAGE) patterns of PPC-3 are different among the preparations except for the main polypeptide with 27 kDa, referred to as LP27 in this study, also called PP3 elsewhere. 3, 4) On native PAGE under nondenaturing conditions, LP is a single, major polydispersed glycoprotein in the PPC-3 fraction as fractionated by Rowland et al. 5) The primary structure of LP27 was first reported by Tsukasaki et al. 6) and later published by Johnson et al. 7) LP27 is composed of 135 amino acid residues with five phosphorylated serines, two Oglycosylation sites, and one N-glycosylation site. 4, [8] [9] [10] In addition, the C-terminal 38 residues form an amphipathic -helix structure. 4, 11) A 17 kDa polypeptide, referred to as LP17 in this study, has been shown to be released by plasmin digestion of LP27, which is an endogenous protease in milk, 4, 12) cleaved between Arg 53 and Ser 54 . LP17 is suited to the C-terminal side of the digests and contains an amphipathic -helix region. Recent studies have shown that LP27 has an ability to attach to membrane by oligomerizing through the Cterminal amphipathic helical region, which supports the thesis that LP27 and LP17 are involved in the MFGM fraction. 13, 14) It has been found that highly homologous proteins exist in camel, caprine, and ovine milk, but not in human milk, by immunoblot and N-terminal amino acid sequencing analysis. 15) A characteristic secondary structure with an amphipathic -helix in the C-terminal region is preserved among these species. LP27 has been shown to have homology with murine glycosylationdependent cell-adhesion molecule 1 (GlyCAM-1), a mucin-like endothelial cell surface ligand for the leucocyte adhesion molecule L-selectin. 7, 16) The homology between LP27 and GlyCAM-1 is ascribed to genomic structure and the C-terminal amphipathichelix structure, but it is not known whether LP27 has the same function as GlyCAM-1. It has been found that LP has emulsifying properties and inhibits lipolysis of the milk fat globule from lipase in milk, 4, 17) but its biological function is unknown.
Early studies on LP found that it is multiple form.
y To whom correspondence should be addressed. Fax: +81-28-649-5461; E-mail: kanno@cc.utsunomiya-u.ac.jp Abbreviations: LP, lactophorin; PAS, periodic acid/Schiff reagent; PCF, PAS-4 concentrated fraction; PPC-3, proteose peptone component 3; SGP, soluble glycoprotein; MFGM, milk fat globule membrane; PAGE, polyacrylamide gel electrophoresis; GlyCAM-1, glycosylation-dependent celladhesion molecule 1; BSA, bovine serum albumin; HRP, horseradish peroxidase; PVDF, polyvinylidene difluoride; DDW, distilled and deionized water; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-buffered saline; ABC, avidin-biotin-peroxidase complex; TGase, transglutaminase Purified LP showed one peak on gel filtration but separated into seven fractions on DEAE-cellulose chromatography at pH 8.6. 1, 13) These seven fractions were designated LP components 1-7. The seven LP components had a common set of antigenic groups to the anti-SGP on double immunodiffusion but different mobilities of precipitation line on immunoelectrophoresis. 1, 13) The seven separated LP components were mobilized to almost the same position on native PAGE, but not on SDS-PAGE. All LP components other than LP component-1 were shown to be formed by intermolecular association of LP27 and LP17 with five minor polypeptides that have not been identified. 2, 13) Moreover, these results have not indicated whether LP is constructed by self-association of LP27 only or by association between LP27 and other proteins. To resolve this problem, localization of LP in lactating mammary gland, and estimation of LP in milk, we attempted to prepare a monoclonal antibody against LP27. In this paper, we report that the prepared monoclonal antibody recognized all minor polypeptides, besides LP27 and LP17, contained in LP. Furthermore, we describe the identification of these polypeptides by the use of the monoclonal antibody and by amino acid sequencing, and discuss its possible connection with transglutaminase (TGase). Preparation of PCF. PAS-4 concentrate fraction (PCF) was prepared from MFGM, as described by Kanno et al. 19) PCF is an intermediate product for purification of PAS-4, and it contains the major polypeptide of SGP that corresponds to LP17 (Ser 54 -Thr 135 ). 20) Briefly, bovine MFGM was extracted with 1% TritonX-114 in 20 mM Tris-HCl (pH 7.4) containing 0.15 M NaCl, 0.5 mM PMSF, and 1 mM EGTA. The supernatant, obtained by centrifuging the mixture for 1 h at 100;000 Â g, was subjected to phase partitioning. The resulting Triton X-114 phase was then diluted with 10 mM Tris-HCl (pH 7.5) containing 0.5% Triton X-100 and 2 mM PMSF, and fractionated in a DEAE-Sepharose column (2:2 Â 7 cm; Amersham Biosciences, Uppsala, Sweden). The unabsorbed protein fraction was recovered as PCF.
Materials and Methods
-mouse IgG þ A þ M (H þ L),
Preparation of LP.
According to the method of Kanno et al.,
2) LP was purified by gel filtration chromatography on a Sephacryl S-300 HR column (5 Â 90 cm; Amersham Biosciences) at pH 8.6 from PPC-3, which was obtained from acid whey by precipitation at 55% saturated ammonium sulfate.
Preparation of monoclonal antibody against LP. Four six-week old female BALB/c mice were immunized by intraperitoneal injection of 50 mg of PCF (solubilized in phosphate-buffered saline, PBS) in Freund's complete adjuvant. Two weeks after the initial immunization, the mice were boosted by intraperitoneal injection of 50 mg of PCF (solubilized in PBS) in Freund's incomplete adjuvant. After production of antibodies to LP in the sera of the immunized mice was recognized, the final booster was given by intraperitoneal injection of 50 mg of PCF (solubilized in PBS) in Freund's complete adjuvant. On the third day after the final injection, the spleen was drawn from each animal in accordance with the guidelines for animal experiments of Utsunomiya University.
Spleen cells (2 Â 10 8 ) from each mouse were fused with Sp2/0-Ag14 myeloma cells (2 Â 10 7 ) using polyethylene glycol according to the procedure of Köhler and Milstein. 21) The culture supernatant of each hybridoma was screened by enzyme-linked immunosorbent assay (ELISA) and immunoblot analysis, and the clones producing the antibody specific to LP27 were subcloned twice by limiting dilution. Each clone secreting antibody to LP was grown in mass culture and used to induce ascites. Antibodies produced in ascitic fluid of pristaneprimed BALB/c mice were collected by precipitation at 33% saturated ammonium sulfate followed by affinity column chromatography using a HiTrapÔ Protein G column (1 ml; Amersham Biosciences).
Assay of monoclonal antibodies by ELISA. Protein (approximately 1 mg/ml in bicarbonate buffer at pH 9.5) was coated on polystyrene microtiter plates by overnight incubation at 4 C. Unbound antigen was washed three times with phosphate-buffered saline containing 0.05% (v/v) Tween 20 (PBST). The nonspecific binding sites were blocked with 1% (w/v) BSA in PBS by incubating overnight at 4 C. After washing with PBST three times, culture supernatant of the hybridoma was added to the wells, and incubated at 37 C for 1.5 h, and then washed with PBST three times.
at a final dilution of 1:2000 (antibody, PBST) was added to the wells, incubated at 37 C for 1.5 h, and then washed three times with PBST. After the addition of H 2 O 2 and o-phenylendiamine, the reaction mixture was incubated for 15 min at 37 C, and the absorbance at 492 nm was read with a microplate reader.
Electrophoresis and immunoblot analysis. SDS-PAGE was performed by the method of Laemmli.
22)
The concentration of acrylamide was 12.5%, and the ratio of acrylamide to methylene bis acrylamide was 37:1 (w/w). Proteins were dissolved in 20 mM Tris-HCl buffer (pH 6.8) containing 2% (w/v) SDS, 1% (v/v) -mercaptoethanol and 2 mM EDTA, and heated for 2 min in boiling water. After electrophoresis, the gels were stained with Coomassie brilliant blue R-250. The molecular mass was evaluated on 12.5% acrylamide gel using prestained SDS-PAGE standards (Bio-Rad, Hercules, CA): BSA (94 k), ovalbumin (51 k), carbonic anhydrase (35 k), soybean trypsin inhibitor (29 k), and lysozyme (20 k). For immunoblot analysis, the protein was separated by SDS-PAGE and electrophoretically transferred to cellulose nitrate membrane (Advantec, Tokyo) at 2.5 mA/cm 2 for 30 min, as described by Towbin et al., 23) using SartoBlotÔ II equipment (Sartorius AG, Göttingen, Germany). To block nonspecific reaction, the membrane was incubated at 37 C for 1.5 h with 1% (w/v) BSA in PBS and then washed with PBST. The membrane was incubated at 37 C for 1.5 h with a culture supernatant of the hybridoma or anti-LP monoclonal antibody in PBST, washed with PBST, and further incubated at 37 C for 1.5 h with HRPconjugated goat anti-mouse IgG in PBST (1:2500). After washing with PBST, the proteins recognized by the antibodies were visualized with 0.05% dimethylaminoazobenzene in 50 mM Tris-HCl-buffered saline at pH 7.5. In addition, immunoblot analysis using the avidin-biotin-peroxidase complex (ABC) method, 24) which has high sensitivity and uses biotin-SP-conjugated goat anti-mouse IgG and HRP-conjugated streptavidin, was performed in the same way as above.
Periodate oxidation. Periodate oxidation was performed by the method of Woodward et al. 25) The protein separated by SDS-PAGE was electrophoretically transferred to cellulose nitrate membrane. After blocking with BSA, the membrane was incubated at 23 C for 1.5 h with 50 mM sodium acetate buffer containing 10 mM periodate to oxidize the sugar chain of the protein. The membrane was washed with 50 mM sodium acetate buffer and incubated at 23 C for 1.5 h with sodium borohydride solution for reduction. Proteins recognized by the antibodies were detected as described above.
N-Terminal amino acid sequencing. The N-terminal amino acid sequence of the objective polypeptide electrophoretically transferred to PVDF membrane (Bio-Rad) was analyzed by a gas-phase protein sequencer (476A; Applied Biosystems, Foster City, CA).
Internal amino acid sequencing. Protease treatment of polypeptide on PVDF membrane was performed by the method of Iwamatsu. 26) Briefly, the protein was separated by SDS-PAGE and electrophoretically transferred to PVDF membrane. A section of objective polypeptide was cut off from the PVDF membrane. To alkylate the SH group of objective polypeptide, the polypeptide on the PVDF membrane was reduced with 1,4-dithiothreitol and S-carboxymethylated with monoiodoacetic acid. The membrane was washed for 5 min with DDW, 2% acetonitrile, and 0.1% SDS successively, and treated with PVP-40 to prevent protease from binding to membrane. After washing with 10% acetonitrile, the objective polypeptide on the PVDF membrane was digested by lysylendopeptidase in 20 mM Tris-HCl at pH 9.0 containing 10% acetonitrile. Digested peptides were separated by reversed-phase HPLC using a Capcell Pak C8 column (4:6 Â 250 mm; Shiseido, Tokyo) equipped to an L-6000 HPLC system (Hitachi HighTechnologies, Tokyo). Peptides were eluted by a linear gradient of acetonitrile in 0.1% trifluoroacetic acid (TFA) from 0 to 60% in 60 min at a flow rate of 1 ml/ min and 45 C, and monitored at 210 nm. Each peptide was collected manually and applied to a gas-phase protein sequencer.
Results
Preparation of monoclonal antibodies to LP Four mice were immunized with PCF, and the spleen cells from immunized mice were fused with myeloma cells. Culture supernatant from 111 wells was screened by ELISA using PCF as an immobilized antigen. Then two positive wells were screened by ELISA using LP as an immobilized antigen. One resulting well had high specificity to LP. In addition, ELISA using secondary antibodies to different Ig classes showed that the monoclonal antibody was IgG in class.
Characterization of anti-LP antibody
The specificity of the monoclonal antibody to LP was examined by immunoblot analysis, after separation by SDS-PAGE under reducing conditions (Fig. 1) . A single band with a molecular mass of 17 kDa, a major polypeptide of SGP, 14) was clearly detected by the monoclonal antibody (Fig. 1, A and B, lane 2) . Bands corresponding to SGP were also detected in whey protein and LP besides MFGM (Fig. 1B, lanes 1, 3, and  4 ). Bands with a molecular mass of 27 kDa were detected in the whey protein and LP, and three additional bands were detected in LP (Fig. 1B, lanes 3 and  4) . These polypeptides were more clearly detected in LP using the ABC method (Fig. 1B, lane 5) . These five major polypeptides are designated LP50, LP40, LP27, LP20 and LP17 in order of molecular mass. Identification of these polypeptide is described below.
Next we examined whether this antibody reacted with polypeptide or carbohydrate moieties of the protein by immunoblot analysis using the antigen treated with periodate (Fig. 2) . Protein bands of MFGM, whey protein, and LP recognized by the antibody (Fig. 1) were detected both before and after periodate oxidation (Fig. 2, A and B) . Furthermore, immunoblot analysis of LP after deglycosylation with both N-glycanase and Oglycanase showed that the protein reacted with the antibody (data not shown). These results indicate that the antibody recognizes the polypeptide moiety of LP.
The epitope domain for the antibody was determined by amino acid sequencing of cyanogen bromide fragments of LP. The degradation fragments were separated by anti-LP antibody affinity column chromatography, followed by reversed-phase HPLC (data not shown). Two fragments recognized by the antibody (fragments A and B) were isolated by reversed-phase HPLC. The Nterminal amino acid sequence of fragment A was I L N K P E D E T H L, which is identical to the N-terminal sequence of LP27. 6, 7) That for fragment B was determined to be S S R Q P Q S Q N P K L P, which corresponds to the N-terminus of LP17 and the counterpart of LP27 from S 54 to P 66 . These results suggest that the overlapping area of Ser 54 to Met 101 between the two fragments includes the epitope domain of anti-LP antibody. These fragments were labile for trypsin and, hence, further detailed epitope could not be determined.
Identification of polypeptides constituting LP SDS-PAGE and immunoblot analysis showed that the LP used in this study was composed of five major polypeptides, all of which were recognized by the anti-LP antibody. They were designated LP50, LP40, LP27, LP20, and LP17 in order of molecular mass (Fig. 1) . To make clear the relation between LP27 and the other polypeptides, we analyzed their N-terminal amino acid sequences. The results show that the N-terminal sequences of both LP40 and LP50 were identical to that of LP27. However, that for LP20 could not be determined due to the confusion of amino acid signals. Although the first 2 amino acid residues of LP17 were not identified, its sequence from residue 3 to 10 was determined to be R Q P Q S Q N P, which corresponds to the counterpart of LP27 from R 56 to P 63 .
To investigate the internal amino acid sequence of LP20, LP was blotted onto PVDF membrane and each band was digested with lysylendopeptidase. The peptides released were separated by reversed-phase HPLC (Fig. 3) . The chromatogram for LP20 was similar to that for LP27, although the peak area was smaller in LP20 than in LP27. The amino acid sequence for each peptide from LP20 was analyzed, and fragments originating from both N-and C-terminal portions of LP27 were identified (Fig. 3B) . The results show that LP20 contained various polypeptides derived from LP27. On the other hand, no peptide was detected for the LP40 or LP50 digests (Fig. 3A) . In addition, LP40 and LP50 were not susceptible to trypsin under the same condition, suggesting that LP40 and LP50 have tolerance to proteases.
These results suggest that polypeptides recognized by anti-LP antibody are derived from LP27, and that LP40 and LP50 have tolerance to protease by dimerizing otherwise than disulfide bonding.
Discussion
Anti-LP monoclonal antibody was successfully prepared using PCF that contains the major polypeptide of SGP corresponding to LP17, for immunization. In spite of several trials, we failed to prepare anti-LP monoclonal antibody by immunization of purified LP. For example, it was not successful to prepare monoclonal antibody with carbohydrate-free LP prepared by the treatment with O-and/or N-glycanases. We consider that coexisting PAS-4 might have an adjuvant effect. The monoclonal antibody recognized the polypeptide moiety of LP27 but not the carbohydrate moieties, and the epitope domain of the antibody located between Ser 54 and Met 101 of LP27. In addition, the anti-LP monoclonal antibody recognized all five polypeptides (LP17, LP20, LP27, LP40, and LP50) that constitute LP.
Amino acid sequencing of LP20 revealed that LP20 contains various polypeptides derived from LP27. Considering the molecular mass of this band and a report by Sørensen and Perterson 8) that only 50% of Thr 16 are glycosylated, it is assumed that this includes polypeptides lacking O-glycosylated sugar chains. According to a study on proteolytic degradation of LP by Kanno and Ogawa, 12) it is likely that LP20 is a complex of hydrolysates of LP27, containing intermediates in the process of LP17 formation.
LP40 and LP50 are supposed to be homo-or heterodimers of LP27 and LP20 bearing the N-terminal of LP27, because the N-terminal amino acid sequence analysis of these polypeptides showed the single sequence identical to that of LP27. And the finding that these polypeptides were not separated by SDS-PAGE even under the reducing condition suggests that the dimerization of them might be attributed to acyl transfer reaction by transglutaminase (TGase) (EC 2.3.2.13), a calcium-dependent enzyme that catalyses the acyl transfer reaction between glutaminyl residues and primary amines in milk. TGase has been used as an enzymic crosslinker for modification of food proteins to improve their properties and nutritional values. Sørensen et al. 27) showed that LP27 can be a substrate for TGase since it contains both reactive glutamine and lysine residues, and that Gln 61 is the major acceptor site and Gln 49 and Gln 59 are minor additional sites for incorporation that act as amino acceptors. Our hypothesis is perhaps supported by the fact that the SDS-PAGE pattern of LP27 treated with TGase is very similar to our immunoblot analysis results. This suggests that LP27 might be involved in the TGase reaction in milk. But further study is needed to clarify the connection between LP27 and TGase in milk.
In conclusion, we demonstrated in this study that minor polypeptides constituting LP in addition to LP27 and LP17 were originating from LP27 using a monoclonal antibody specific to LP.
